We have developed a cell-free system to study bacteriophage X DNA replication. Maximal DNA synthesis in vitro requires the four deoxynucleoside triphosphates, ATP, and exogenous X DNA. DNA synthesis requires the products of the phage 0 and P genes but is not inhibited by X repressor. The kinetics of synthesis is linear for 10-15 min; however, the product of synthesis amounts to only 0.5-1% of the added template DNA. As judged by isopycnic analysis, extensive regions of the template are copied. Sedimentation analysis indicates that all of the product consists of short (11 S) DNA chains. Fractions partially purified from XO+P+-infected cell extracts will complement extracts prepared from XC-or XP--infected cells.
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Recently several systems have been developed which are capable of replicating DNA in vitro (1) (2) (3) (4) (5) (6) (7) (8) (9) . These in vitro systems have proved to be particularly useful as in vitro complementation assays for host and phage proteins required for DNA replication but of unknown enzymatic activity. However, only the systems using extracts of phage T7-infected Escherichia coli are capable of replicating exogenous duplex DNA (8, 9) . In this communication we describe an in vitro system to study the replication of another duplex DNA, bacteriophage X DNA.
In vivo X DNA replication is initiated at a specific site, ori, located about 18% from the right end of a mature X DNA (10, 11) . Lambda DNA synthesis proceeds bidirectionally during the first round of replication (10) and is discontinuous. Short lengths of DNA are synthesized and then joined to form DNA of high molecular weight to extend the growing DNA chain (12) (13) (14) . Mutants of E. coli have been isolated which are defective in the elongation of the growing chain of bacterial DNA at high temperature (dnaB and dnaG) (15) . Lambda DNA replication is also blocked at the nonpermissive temperature in these elongation mutants. However, X DNA is replicated in mutants of W1. coli (dnaA and dnaC) defective in initiation (15) , suggesting that X codes for its own initiation function, but requires host functions for the elongation of DNA chains. Using density labeling experiments Ogawa and Tomizawa (16) have implicated the products of the 0 and P genes of X as essential for initiation. Furthermore, transcription of the ori region is also required for initiation, suggesting a role for RNA in initiation of DNA synthesis (17 ,Ml of Fraction I. The reaction mixtures were incubated at 30°. The reaction was stopped by adding 2.5 ml of cold iN HCl-0.1 M sodium pyrophosphate, and the acid-insoluble radioactivity was determined as previously described (3) .
Preparation of DNA. Lambda DNA and T7 DNA were isolated from phage particles as previously described (19) . Twisted X DNA and XdVgal DNA molecules were prepared according to the modified procedure described by P. Sharp et al. (20) . DNA 
RESULTS

Requirements for X DNA replication in vitro
The requirements for lambda DNA replication in vitro are shown in Table 1 . The complete system contains 4 dNTPs, ATP, Mg++, X DNA, and cell extract. If one or three deoxynucleoside triphosphates are omitted from the system, DNA synthesis is reduced to 50% of the control. This small reduction is probably due to the presence of deoxynucleoside triphosphates in the highly concentrated extract. The addition of ATP, however, stimulates the rate of incorporation. At the optimum concentration of ATP (0.7 mM), the rate of DNA synthesis is 10 times greater than it is in the absence of ATP. Higher concentrations of ATP result in inhibition; 1.7 mM ATP reduces the optimal rate of incorporation 8-fold. The addition of the other three rNTPs had no effect on the rate or extent of synthesis, and they could only partially replace ATP.
Rifampicin, a specific inhibitor of the initiation step in the reaction catalyzed by RNA polymerase (21), does not inhibit synthesis of X DNA in vitro (Table 1) . Actinomycin D completely inhibits the reaction in vitro. At a concentration of 10 repressor molecules per operator, X repressor has no effect on DNA synthesis. The effect of DNA concentration on the rate of DNA synthesis is shown in Fig. 1 . The incorporation of dTMP increases linearly with increasing amount of DNA added up to 12 nmoles/100 Al of reaction mixture. The kinetics of DNA synthesis is shown in Fig. 2 . The incorporation of dTMP proceeds for at least 15 min. In the initial stage the apparent rate of incorporation of dTMP is 8.1 pmoles/min. The actual rate is probably higher, however, due to the endogenous nucleoside triphosphates. Within 25 min the total amount of dTMP incorporated in a reaction mixture is 65 pmoles, equivalent to 1.4 X 109 X DNA molecules. Since each reaction mixture contains 6.7 X 1010 molecules of X DNA template, 2% of the DNA has been replicated.
Closed circular X and XdVgal DNA (22) could not replace linear X DNA ( Table 2 ). T7 DNA, on the other hand, was 60% as effective as X DNA.
Requirement for products of 0 and P genes Two lambda genes, 0 and P, are involved in X DNA replication in vivo, and may be necessary for initiation of DNA synthesis (13) . When extracts were prepared from cells infected with 029 or P3, mutations in genes 0 and P, respectively, little if any DNA synthesis was observed in the standard assay (Fig. 2) . Therefore, the products of the 0 and Fig. 4 . In comparison to the parental 3H peak the material synthesized over a 3-min period using BrdUTP as a substrate shifted its density by 18 mg/ml, while the shifts after 5-and 15-min incubation were 25 and 29 mg/ml, respectively. When the material at 15 min was extensively broken by sonic irradiation, the distribution of the radioactivity in the gradient was broad, but the density shift at the peak was not more than 30 mg, indicating that the heavier newly snythesized DNA consisted of one heavy and one light strand. The rather small density shift at full hybrid position is due to endogenous dNTP in the extract, resulting in the decrease of the bromouracil/thymine ratio in the reaction mixture. Therefore, in the heavy strand only 50% of the total thymine was replaced by bromouracil (23) . From these results we conclude that extensive regions of the X DNA template are copied.
Partial purification of the 0 and P gene products It is known from in vivo studies that 0-and P-phage complement when bacteria are infected simultaneously, and both phages can multiply (24) . Extracts prepared from cells infected with either 0 or P-were mixed in equal amounts in order to test complementation in vitro. However, the activity found in the mixed extract was not more than additive, suggesting that the gene 0 and P products cannot complement effectively in this in vitro system. Tomizawa (25) has shown that the two gene products cooperate in vivo to initiate replication of X DNA. One type of cooperation would be the formation of a complex of the 0 and P gene products. Therefore, if one can supply the 0 and P gene products as a complex to the cell extract lacking normal 0 and P protein, DNA synthesis may occur. In order to test this possibility the extract obtained from S-infected cells was fractionated by ammonium sulfate to separate the 0 and P gene products from the synthesizing activity. To 3 ml of Fraction I, 0.63 g of ammonium sulfate was added. After 20 min at 00 the suspension was centrifuged for 20 min at 27,000 X g, and the pellet was dissolved in 3 ml of 25 mM potassium phosphate buffer (pH 7.4)-0.1 mM\ EDTA-0.1 mAM dithiothreitol- 10% glycerol (Fraction IJA). Ammonium sulfate (0.49 g) was added to the supernatant fluid. After centrifugation the pellet was suspended in 1.5 ml of the same buffer. The sample was then dialyzed for 3-4 hr at 0°against two changes of 2 liters of the same buffer (Fraction IIB). The synthesizing activity was found exclusively in Fraction IIA. Fraction JIB has no synthesizing activity by itself, but when this fraction was added to the extract from 0-and P-infected cells, stimulation of DNA synthesis was observed (Table 3 and Fig. 5 ). When Fraction IIB is added to the mutant extracts, DNA synthesis can be stimulated as much as 10-fold (Fig. 5) . The comparable fractions prepared from 0-and P-infected or uninfected cell extracts were found to have no stimulatory activity (Table 3) . Therefore, the stimulation factor found in S-infected cell extracts is dependent on the 0 and P gene products.
DISCUSSION
Several lines of evidence indicate that the DNA synthesis observed in this in vitro system using X DNA as a template closely mimics DNA replication: extensive regions of the X template are copied; 11S fragments of DNA are produced;
ATP is required as in other in vitro systems (1-7); and X gene products, as well as E. coli components, are required. The rate of incorporation of nucleotides in vitro is 320 nucleotides per sec per cell equivalent, an estimate which has been corrected for the pool of endogenous deoxynucleoside triphosphates. Synthesis is dependent on the addition of linear X DNA, and isopycnic analysis confirms that the X DNA is used as a template in the reaction. Although T7 DNA can partially replace X DNA, it has not been shown that the synthesis observed is dependent on X-specific proteins. For example, in the case of an in vitro replication system using phage-T7-infected cells, other DNAs such as X DNA are also effective in promoting synthesis, although T7-specific proteins do not appear to be required (8) . However, in the present study phage-size X DNA molecules are not synthesized, and the synthesis observed is not affected by X repressor.
Perhaps the strongest evidence that X-specific DNA replication occurs in vitro is the requirement for the products of the 0 and P genes of X. Both of these gene products are known to be required for X DNA replication in vivo. In vitro, 0-and Pextracts complement O+P+ extracts, but do not complement O+P-or O-P+ extracts, respectively. Klein and Powling (18) , however, have reported partial complementation in their in vitro system. The explanation for this observation may be that only nascent 0 and P gene products can form a functional complex. In support of this interpretation Tomizawa (25) has presented evidence which suggests that the two gene products cooperate in vivo to initiate replication of X DNA. The complementation assay, however, does allow a partial purification of the 0 and P gene products from the extract of S-infected cells. Chromatography on DEAEcellulose revealed that the stimulation separates from DNA polymerase III and ATP-dependent exonuclease V.
Precisely which E. coli components are necessary for X DNA replication in vitro is not known. Although we have not examined dnaB and dnaG mutants, mutants which do not support X DNA synthesis in vivo, we have found that DNA synthesis in extracts prepared from poiC mutants infected with X is temperature-sensitive, suggesting that DNA polymerase III is required.
Recent evidence (7, 26) indicates that RNA synthesis is important in the initiation of DNA replication and in the initiation of "Okazaki fragments." While we have not been able to obtain any direct evidence for a role of RNA synthesis in vitro, the presence of rNTP in the concentrated extract could explain the apparent lack of requirement for these substrates.
We have found that X DNA synthesis in vitro results in the accumulation of 11S fragments. It is unlikely that these fragments are a result of nuclease action, since most of the X DNA template is of considerably higher molecular weight. If these 11S fragments correspond to Okazaki fragments observed in vivo, our results suggest that the joining of these fragments is inefficient in the in vitro reaction. In another in vitro replication system using T7-infected cells, 11S fragments also accumulate (8) . The absence of DNA polymerase I in vivo results in a more than 10-fold decrease in the rate of joining of the newly replicated DNA (27, 28) 
